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Spiral phase contrast is an important and convenient imaging processing technology in edge 
detection, and a broader field-of-view (FOV) of imaging is a long-pursuing aim to see more 
regions of the illumination objects. Compared with near-infrared (NIR) spectrum, the 
up-conversion imaging in visible spectrum benefits from the advantages of higher efficiency 
detection and lower potential speckle. FOV enhanced and spiral phase contrast up-conversion 
imaging processing methods by using second order nonlinear frequency up-conversion from NIR 
spectrum to visible spectrum in two different configurations are presented in this work. By 
changing the temperature of crystal, controllable spatial patterns of imaging with more than 4.5 
times enhancement of FOV is realized in both configurations. Additionally, we present numerical 
simulations of the phenomenon, which agree well with the experimental observations. Our results 
provide a very promising way in imaging processing, which may be widely used in biomedicine, 
remote sensing and up-conversion monitoring.  
Introduction 
Optical imaging systems using NIR illumination have a broad application in biomedicine, 
surveillance and military [1-3]. The wavelength around 1550nm, an eye-safe spectral region, 
becomes special interests in lidar imaging systems [4]. However, Charge-coupled devices (CCDs) 
in this spectral domain, commonly based on InGaAs material, suffer from lower efficiency and 
speed, higher readout noise and more rigorous cooling attachment than CCD in visible spectrum 
based on silicon. Existing infrared detection limits the technology of direct infrared imaging. So it 
is necessary to convert the invisible illumination to visible spectrum [5-6]. The up-conversion 
detection through sum frequency generation (SFG) can visualize infrared image with standard 
silicon CCD, helping to improve performance and sensitivity of image. For edge and FOV 
enhancement, two imaging processing methods are introduced respectively below.  
Phase contrast can date back to the initial prominent work by Frits Zernike on edge detection 
in 1930s [7]. He presented a new method for the microscopic observation of transparent objects. 
In optical imaging system, the spiral phase contrast (SPC) technique has been developed to 
increase the contrast of intensity and phase objects using a vortex structure filter [8]. In 2005, 
Jesacher .et al  realized an oriented shadow effect of SPC imaging of a human cheek cell using 
a modified spiral phase hologram [9]. Fractional vortex filters were also investigated to obtain 
gradual edge enhancement by Chen et al  in 2015[10]. SPC is not just limited on classical 
region, it can also be translated into the quantum world. In 2009, SPC ghost imaging with 
correlated photon pairs was proposed by placing a spiral phase plate in one arm, then edge 
enhancement can occur in another arm [11]. This technique is based on processing the image 
information in its Fourier plane by placing a spiral phase plate with a topological charge L=1 to 
serve as a filter. Spiral operation manipulates the phase of the whole light field in the form of a 
spiral-shaped phase profile of the form 
ie  , where φ is the polar angle in a plane transverse to the 
light propagation direction [12]. On account of the odd symmetry of spiral phase, both phase and 
intensity gradients can be enhanced isotropically. Using NIR invisible illumination, SPC imaging 
visualized by up-conversion may have specific applications on 2D infrared spectroscopy detection. 
Combining the SPC technology with SFG, both edge enhancement and up-conversion of objective 
image are obtained simultaneously with nonlinear spatial filter that is periodically poled potassium 
titanyl phosphate (PPKTP) crystal. This type of trial may pave a fascinating and novel way of 
pattern recognition and remote sensing in the infrared regime. 
Besides, we discover the phenomenon that the FOV of up-conversion imaging varies when 
the temperature of PPKTP crystal is changing. The traditional methods of increase FOV is realized 
by using a broad bandwidth pump laser or illumination laser, a dual illumination wavelength, an 
ASE illumination source, crystal rotation and designing a temperature gradient inside the crystal 
[13-17]. All of them aim at satisfying the phase matching condition for different incoming signal 
angles. In contrast to above state-of-the-art approaches, we demonstrate a very convenient and 
simple method, which has no demand and limits on special required device like laser source or 
complex temperature gradient controller or precise crystal rotation which causes image intensity 
and position variation slightly. What we only need to do is changing the temperature of the 
nonlinear crystal with all the experimental setups remain the same, and more than 4.5 times of 
FOV enhancement is achieved comparing with the condition of minimum FOV. Besides, 
temperature scanning is particularly simple and easy way to implement. To the best of our current 
knowledge, this method has been carried out for the first time and will have wide and useful 
applications due to the low threshold on the experimental setups and devices. What is worth 
mentioning is that the same phenomenon of FOV enhancement is found by changing the 
wavelength of pump laser while we keeps the crystal temperature to be 40.94°C, the optimal phase 
matching temperature, which provides another alternative way to realize this aim. After acquiring 
up-conversion imaging with temperature of crystal scanned, most illumination part of the object 
can be seen by “adding” those images together and this can be easily realized by using a 
time-integration CCD to record image in a range of continuously changing temperature. 
Theory  
We demonstrate two different configurations on up-conversion SPC imaging. The generation 
of SPC image is a linear progress in configuration A, referring to figure 2. Lens L1 and L2 form a 
4-f system. ( , )inE r   is the input object light field, its spatial Fourier spectrum is 
( , ) [ ( , )]in inE E r    after lens L1. we use the VPP as a spiral phase contrast filter placing 
on the back spectrum of lens L1 and its transmission function is given by 
( , ( )exp( )F circ i
R

  ） , where R is the radius of aperture of ( )circ
R

. The whole light 
field in the Fourier plane is 
                      ( , ) ( , ) [ ( , )]f inE F E r      ,                   (1) 
where × stands for the dot product operation and  denotes the Fourier transform. Final filtered 
image in the right focal plane of lens L2 is given by  
( , ) [ ( , )] ( , )]out inE r F E r     ,                  (2) 
where * represents the convolution. The point spread function is the Fourier transform of the spiral 
phase filter and it’s a doughnut-shaped intensity ring with phase between 0 and 2  around the 
ring. With the convolution calculation performed, every single point of the image is weighted with 
the point spread function and then the integration is carried out all over the illumination part of the 
resolution target. In “flat” regions, every adjacent point has the constant distribution except at 
edge where either the phase or the amplitude of adjacent points differ. This process leads to 
destructive interference in “flat” regions because of   out of phase between two points across 
the center of doughnut [12]. In a similar way, the edge which the gradient is nonzero between 
regions is bright by constructive interference. 
 In configuration B, the SPC progress is carried out by PPKTP crystal as a nonlinear filter 
with an OAM pump beam. That’s the main difference compared with configuration A. The 
up-conversion imaging is visible with an invisible illumination beam by SFG. According to the 
wave coupling equation, three wave mixing occurs in the Fourier spectrum plane in the crystal, 
making the two steps which are SPC and up-conversion progress in configuration A becomes one 
intriguingly. PPKTP crystal is placed at the 2f position of 4-f system and it plays a crucial part of 
transferring the OAM and object information to the up-conversion image by nonlinear interaction. 
Vortex filter is placed in the visible pump beam to manipulate the Fourier spectrum information to 
achieve edge enhancement. We image the vortex filter on the nonlinear crystal. The Fourier 
transform of the object illuminated by the NIR beam with wavelength
s is 
( , , ) [ ( , , )]s s s sE E r     ，before crystal is put on. The output SFG light field is governed 
by wave coupling equation (3) and it is simplified by the paraxial approximation and the slowly 
varying amplitude field approximation. 
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Where c  is the wavelength of converted SFG beam, p  is the wavelength of pump beam, 
effd  is the effective nonlinear coefficient and c is the speed of light in vacuum. The nonlinear 
term in the equations presents the nonplanar wave distribution of the interaction beams. By 
imprinting the vortex filter on the nonlinear crystal, the invisible signal image is converted to the 
visible output SPC image [18]. 
  FOV is a fundamental parameters of imaging systems and how to improve it is a 
long-sought aim. It’s like an adjustable aperture based on the theory of changing the phase 
matching condition to determine how broad you want to see of the illumination part of objects. 
For our case, the quasi-phase-matching (QPM) condition is given by 3 2 1z z z mk k k k G     , 
where k  represents the wave vector. 0k   means the momentum mismatch is fully 
compensated by the reciprocal vector mG  of the QPM crystal. By changing the temperature of 
the PPKTP crystal, the up-conversion controllable spatial pattern with different FOV of SHG 
beam are obtained and same phenomenon are obtained when we change the wavelength of pump 
beam or illumination beam. This phenomenon was firstly discovered by Shi’s group in 2014 [19]. 
In Ref. 19, controllable spatial structures of SFG light beam via crystal phase mismatching by 
tuning the pump frequency or crystal temperature were reported, where two Gaussian pump beams 
were used. In this work, we “add” imaging processing onto this model and find that the 
up-convertion image can be tuned periodically, more regions of the illumination object can be 
seen. 
The advantage of up-conversion using QPM compared with angle phase matching is that the 
largest effective nonlinear coefficient can be used and there is no walk-off effect [20]. Based on 
the QPM, we can obtain the up-conversion imaging in any arbitrary wavelength by designing the 
QPM period of crystal and coating differently. Recent work of SPC up-conversion imaging with 
second harmonic generation using Potassium Titanyl Phosphate (KTP) crystal based on critically 
type Ⅱ phase-matching was achieved by Chen’s group [18]. It is the first time that the SPC 
imaging technique has been realized in nonlinear optical process. However, this configuration has 
the limits of wavelength extendibility, so it can only convert a specific given wavelength of 
1064nm with no walk-off effect. To the best of our knowledge, our work is the first time to 
achieve the SPC up-conversion imaging using illumination beam and pump beam with different 
wavelength in SFG process and with FOV enhancement.  
Image simulation results 
A computational numerical tool is developed to simulate the image processing of edge and 
FOV enhancement so that we can anticipate the improvements brought by our experimental setup 
and give a feedback to carry on continuing optimization of our up-conversion system. Fourier 
spatial filtering method is used to perform the SPC of image. The beam and crystal parameters are 
in accordance with the experiment. Given the focusing parameters of the pump beams and the 
phase mismatch caused by temperature change, the spatial structures of the up-conversion image 
can be simulated numerically using coupled wave functions (3). 
We choose an area of USAF-1951 resolution binary image as the input signal. After the 
image computational simulation processing, the output image is shown in Fig. 1. As we can see, 
the FOV and the spatial pattern of image changes with the phase mismatching 
parameter-temperature change. More than 5 times FOV is obtained according to the effective 
display area theoretically. 
Fig. 1 Image simulation of edge and FOV enhancement of USAF-1951 resolution target. Color bar 
is given in the right side.  
Experimental setups 
Our experimental setup is displayed in Fig. 2. There are two different experimental setup A 
and B as follows. Firstly the configuration A is introduced, we firstly generate the NIR SPC image, 
then use a Gaussian pump beam to up-convert this image. By changing the temperature of PPKTP 
crystal, we acquire the FOV enhanced SPC imaging. The 1556.3nm illumination beam is from a 
diode laser (Toptica prodesign) and is amplified by an erbium-doped fiber amplifier. The pump 
beam at 791.8nm wavelength is from Ti:Sapphire laser. Both of the beams are Fiber-coupled by 
fiber collimators. A USAF-1951 resolution target is inserted as an illumination intensity object. 
Two pairs of half-wave plates (HWPs) and quarter-wave plates (QWPs) are used in each beam to 
control the polarization to satisfy the type-I phase matching. The type-Ⅰ PPKTP crystal we used in 
our experiment is 3mm long with an aperture of 2mm*1mm with both end faces are anti-reflection 
coated for 524.8nm, 1556.3nm and 791.8nm. The quasi-phase matching QP is 19.36um. Lens L1, 
lens L2 and vortex phase plate (VVP) with a topological charge L=1 inserted in the waist of the 
illumination beam are formed a SPC 4-f imaging system. The topological charge of VPP aligns 
with the center of the beam. Then lens3 focuses the SPC imaging to PPKTP crystal. The pump 
beam is transformed into 2 times smaller beams in diameter by the 4-f system consisting of lens 
L5 and lens L6 whose confocal length is 300mm and 150mm respectively. A dichroic mirror 
reflects the pump beam and translates the illumination beam to overlap at the same direction. The 
PPKTP crystal is positioned in the Fourier plane of the up-conversion 4-f system composed of lens 
L3 and lens L4. The output image was cleaned up by a band pass 525nm filter whose full width at 
half maximum is 10nm. Then a low-noise and high-speed CCD (BC106-VIS from Thorlabs) 
records the visible converted imaging.  
Another configuration B is basically based on experimental setup A, but with a little change. 
The VPP @1556nm is removed and insert into the path of pump beam that is the position of the 
front focal plane of the 4-f system of lens L5 and lens L6. Then we switch the VPP to the 
wavelength at 792nm and align with the center of pump beam. The image without SPC is 
generated by the first 4-f system including lens L1 and lens L2. Next the pump beam carrying 
OAM light mixes with the illumination beam and imprints the VPP on PPKTP crystal during SFG. 
In this way, the up-conversion and SPC occurs in one step, which is more convenient and simpler.  
 
Fig. 2.Experimental setup of SPC up-conversion imaging system containing two configurations. 
FC, fiber collimator; HWP, half-wave plates; QWP, quarter-wave plates; BPF, band pass filter; 
DM, dichroic mirror; VPP, vortex phase plate; PPKTP, periodically poled potassium titanyl 
phosphate crystal; PC, personal computer; L1-L5 are all lens. 
Experimental results 
In the above configurations, asymmetric three Arabic numerals 4, 5 and 6 are chosen as the 
intensity object in order to show the universality of object. Both up-conversion image of single 
number with or without SPC are all acquired. The output image is shown in Fig. 3. Our 
experimental results agrees well with the theory and simulation. Through the imaging processing 
of SPC, we can easily see the outline and the shapely edge enhancement in image (b1)-(b3) and 
image (c1)-(c3) in Figure 3. Compared with image in configuration B, more speckle and scattered 
noise emerge in image in another configuration because the NIR illumination beam suffers slightly 
scattering at the focal plane where VPP is positioned in SPC 4-f system. However，one advantage 
that configuration A has，but another one lacks，is that the direct NIR image detection can be 
carried out ,recording SPC image in NIR spectrum using InGaAs CCD [21]. 
 In order to approximately analyze the quality of image, we define the average visibility as the 
index to evaluate the quality of SPC: max min
max min
I I
V
I I



. 
maxI  is the average maximum gray value 
of the enhanced outlines, 
minI  is the minimum gray value of dark region between the highlighted 
outlines. Line chart (d1)-(d3) shows the vertical intensity distribution result from image (a3) to 
image (c3) according to the red dashed line direction in Fig 3, and the average visibility of those 
two schemes in image (b3) and image (c3) of number 6 are around 91.8 % and 77.7% respectively.  
 
Fig. 3 Experimental up-conversion image of number 4,5 and 6. (a1)-(a3) are image without SPC. 
(b1)-(b3) are SPC image in configuration B. (c1)-(c3) are SPC image in configuration A. Color 
bar is shown in the right side of the figure, all the other figures below use the same color bar so it 
won’t be shown again. Line chart (d1)-(d3) corresponds to the vertical intensity distribution of 
image (a3)-(c3) respectively. 
Another part of USAF-1951 resolution target is chosen to demonstrate the improvement of 
FOV process. When we adjust the temperature of the PPKTP crystal, different spatial patterns of 
the converted imaging with different FOV are obtained. The temperature of PPKTP crystal is 
controlled using a homemade temperature controller with a temperature stability of ±0.002°C. The 
stability of intensity and FOV of image is immune to temperature fluctuation in the range of 0.1°C, 
thus this scheme can be easily realized in the practical life and complicated circumstances due to 
the high temperature tolerance and stabilization. Obviously, the FOV in different temperature 
situation varies due to the phase mismatching, demonstrated in Fig 4. By calculating the area of 
the bright region, we get over 4.5 times FOV enhancement in comparison with image (b) and 
image (d). This interesting process is much more like an “adjustable aperture” by analogy with 
different wide-angle lens of camera. Also, the acutance and contrast ratio still remains in the wide 
FOV situation such as image (d). 
 
Fig. 4 The temperature controllable FOV of image are shown in (a)-(f). The temperature condition 
in image (a)-(f) is 18.7°C, 29.6°C, 33.0°C, 34.5°C, 37.1°C and 45.7°C respectively. 
Next we discuss the imaging processing of both FOV and edge enhancement at the same time 
in two configurations. Figure. 5 depicts all the outcomes of up-conversion image. Two different 
places of USAF-1951 resolution target are used as illumination part in those two configurations. 
As is vividly presented in the image, the outline of the whole intensity object is highlighted with 
different spatial pattern by controlling PPKTP crystal’s temperature. FOV is maximally enhanced 
in image (a4) and image (b4) and we acquire more than 4.5 times FOV enhancement compared 
with the image in minimal FOV. Image scanning of the illumination part of object happens with 
the crystal’s temperature changing and the quality of the above image remains the same with the 
temperature changing. Image in configuration A has slight stray light in the background due to the 
diffraction of VPP positioned at focal plane. In general, those two configurations are basically 
equivalent in theory and experiment, only depending on which light beam arm carrying OAM. 
 
Fig. 5 The up-conversion SPC image in different temperature. Image (a1)-(a6) is from 
configuration A and image (b1)-(b6) is from configuration B. The temperature condition from 
image (a1)-(a6) or image (b1)-(b6) is 18.7°C, 24.1°C, 29.6°C, 34.5°C, 37.1°C, and 45.7°C 
respectively. 
Conclusion 
In summary, we demonstrate two imaging processing methods with both FOV and edge 
enhancement separately and simultaneously via up-conversion using invisible illumination in two 
configurations. Since the optical method has the advantage of parallel processing and high-speed, 
it can also apply on real-time holographic display via spiral light modulator [18, 22]. 
Up-conversion SPC imaging will have application on reagent-free biological imaging and infrared 
monitoring in the next future. In addition, by temperature control or wavelength changing, image 
with different FOV enhance also obtained. To forecast, the flexibility and extensibility of our 
experimental up-conversion setup will provide several potential choices to process image based on 
multiple specific circumstance. The efficiency of up-conversion can be improved by using 
intra-cavity or using high intensity pulsed light [6]. Also, this system may be performed on 
single-photon up-conversion ghost imaging using correlated photon pairs after modification of 
experimental setup, paving the way to quantum imaging processing.  
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